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N-methyl-2-pyrrolidonium methyl sulfonate, a Brønsted acid ionic liquid, promoted the transesteriﬁca-
tion of soybean oil with ethanol giving a high quality fatty acid ethyl ester. At the end of the reaction, after
distillation of excess of ethanol, spontaneous phase separation took place. While the clear upper phase
corresponded to the ethyl ester, the lower phase was composed of a mixture of glycerol byproduct
and the catalyst. By addition of a stoichiometric amount of appropriated reagents to the resulting mix-
ture, a new ionic liquid-catalyzed process allows the conversion of the glycerol into less polar derivatives,
and consequent migration to the ethyl esters phase. This work demonstrated that emulsion, phase sep-
aration and contamination problems were completely avoided and the glycerol could be incorporated
into the biodiesel as additives in a single step. The whole process involves two renewable starting mate-
rials, ethanol and vegetable oil, allowing a total green additive-blended biodiesel production process.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The FAME (Fatty Acid Methyl Ester) alkaline-catalyzed syn-
thetic routes based on the transesteriﬁcation of triglycerides with
methanol are well established. Currently, those routes correspond
to the most common industrial processes for this fuel production
worldwide. One of the reasons for employing methanol is eco-
nomic, since it is the cheapest alkyl alcohol. On the other hand,the price of ethanol and methanol in Brazil is very similar and eth-
anol is abundantly produced from sugarcane. Consequently, many
efforts have been directed towards improving the yields as well as
the efﬁciencies of the FAEE (Fatty Acid Ethyl Ester) production.
The majority of the world methanol production is based on nat-
ural gas. This is one of the reasons behind the dependence of the
methanol cost on the price of crude oil. Another important aspect
is the higher toxicity of methanol relative to ethanol, which raises
additional concerns regarding its transportation and storage.
As important as ethanol, vegetable oils (triglycerides) are pro-
duced in large quantities in Brazil. Soybean oil, for example, is
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the north and south Americas. Other vegetable oil sources, such as
corn, cotton, palm oil, rapeseed, sunﬂower, palm, jatropha, pea-
nuts, etc. are also cultivated in Brazil. These biodiesel rawmaterials
(ethanol and vegetable oils) are 100% renewable as they can be
inﬁnitely produced from crops. In addition, biodiesel is more be-
nign than fossil diesel as the photosynthetic process reabsorbs
the carbon dioxide produced during the fuel burn.
The aforementioned arguments would be sufﬁcient to make the
FAEE transesteriﬁcation process competitive and economically via-
ble for both Brazilian consumption and exportation. Unfortunately,
the ethanolysis of triglycerides by homogeneous alkaline catalysis
suffers of some technological drawbacks. Although there is some
studies aiming circumvent these problems, they suffer from eco-
nomic viability or operational scalability (Mendow et al., 2011; Sil-
va et al., 2011; Kim et al., 2010; Marchetti and Errazu, 2010;
Terigar et al., 2010; Albuquerque et al., 2009; Soldi et al., 2009;
Encinar et al., 2007; Nakajima et al., 2007; Shibasaki-Kitakawa
et al., 2007; Leadbeater and Stencel, 2006; Meneghetti et al.,
2006; Shah et al., 2004; Zhou et al., 2003; Encinar et al., 2002;
Wu et al., 1999; Selmi and Thomas, 1998).
The glycerol (the biodiesel industry by-product), market has
experienced a period of transition due to the enormous increase
in the biodiesel production worldwide. It has been found that some
glycerol-based derivatives are able to improve some biodiesel
properties when used as blending agents (Silva et al., 2010; García
et al., 2008).
Zhang et al. (2007) reported the esteriﬁcation of carboxylic
acids with alkyl alcohols, promoted by a Brønsted acid ionic liquid
([NMPH]CH3SO3) under mild and solvent-free conditions. Two
years later, Xian et al. (2009) described the synthesis of seven ionic
liquids (IL’s) and their catalytic performance for esteriﬁcation in
the biodiesel production process. Among them, [NMPH]CH3SO3,
presented the best catalytic performance. Based on these results
we envisioned that this IL could be used as catalyst for the transe-
steriﬁcation of vegetable oils with ethanol and also to assist the
conversion of glycerol into additive fuel derivatives.
We present a hypothesized IL catalysed transesteriﬁcation
followed by the conversion of the glycerol by-product into fuel
additives (see Supplementary material, Scheme 1).
According to our proposition, due to the polarity difference
between the product (FAEE) and byproduct (glycerol) plus the cat-
alyst (IL), a phase separation could occurs, since Zhang et al.
(2007) had observed that the esters produced were immiscible
in the same IL catalyst. As a result, at the end of the reaction,
the system could be composed of two phases, one consisting of
the biodiesel (upper phase) and the other of glycerol plus the cat-
alyst (lower phase). By quenching the reaction mixture with an
appropriate reagent in the presence of the same IL, glycerol-based
derivatives could be produced. Some examples of glycerol deriva-
tives, which could be prepared, are acetals and/or triacetin. Such
compounds were found to enhance the low-temperature and vis-
cosity properties of biodiesel fuel (García et al., 2008; Melero
et al., 2007; Delfort et al., 2004; Delgado Puche, 2003; Wessen-
dorf, 1995).2. Methods
N-Methyl-2-pyrrolidone (NMP), methanesulfonic acid (MSA),
methyl palmitate (>99.9%), acyl chloride, acetic anhydride, 2,2-
dimethoxypropane (2,2-DMP), acetone, ethanol and vegetable oils
are commercially available and were used without further puriﬁca-
tion. (±)-(2,2-dimethyl-1,3-dioxolan-4-yl)methanol (solketal) was
purchased from Aldrich Chemical Company (Milwaukee, Wiscon-
sin, USA).NMR spectra were recorded on a BRUKER Avance III 200 MHz
spectrometer in CDCl3 and were calibrated with tetramethylsilane
(TMS) as the internal reference.
A Shimadzu GC2014 equipped with a DB-5HT column
(30  0.32  0.1) was used to measure the FAEE conversion using
methyl palmitate as internal standard (Biodiesel Quality Control,
2012).
Mass spectra analysis were recorded on Shimadzu QP 5000
MS, using HP-5MS column (30  0.25  0.25).
2.1. General procedure for characterization of the ionic liquid
([NMPH]CH3SO3)
In an NMR tube, stoichiometric amounts of NMP and MSA were
added in CDCl3. After shaking for 2 min the 1H and 13C NMR spectra
were recorded.
2.2. General procedure for preparation of FAEE and the corresponding
glycerol-based additive-blended fuel (best conditions)
NMP (0.31 g, 0.30 mL, 3.15 mmol) was added to a 50 mL round
bottom ﬂask containing a magnetic stir bar and soybean oil (11.1 g,
10.0 mL, 9.69 mmol). Under vigorous stirring, MSA (0.30 g,
0.20 mL, 3.15 mmol) was added dropwise and the stirring was
maintained for 10 min. To the resulting IL/vegetable oil mixture
was added ethanol (7.89 g, 10.0 mL, 171.3 mmol) and then the
mixture was stirred and heated to 78 C (ethanol boiling point)
for 8 h. After this time, the ethanol excess was distillated off,
resulting in a clean biphasic system. At this point, the FAEE can
be separated from glycerol/IL mixture or following the procedures
presented below, the glycerol-based additive-blended biodiesel
can be produced.
Compounds 1, 2, 3, 4, 5, 6 and 7 were prepared by distinct pro-
cedures (A,B and C), all of them consisting on the conversion of
glycerol in the presence of biodiesel without previous separation
and/or puriﬁcation.
Procedure A: Under stirring, 2,2-DMP (1.14 g, 1.35 mL,
11.0 mmol) or 2-propanone (0.64 g, 0.81 mL, 11.0 mmol) or
n-butyraldehyde (0.79 g, 0.99 mL, 11.0 mmol) was added to the
biodiesel/IL/glycerol mixture. The stirring was continued for
20 min.
Procedure B: To the reaction media from procedure A was drop-
wise added, under vigorous stirring, acetyl chloride (0.90 g,
0.82 mL, 11.5 mmol) or acetic anhydride (1.17 g, 1.08 mL,
11.5 mmol). The stirring was continued for 10 min.
Procedure C: To the resulting transesteriﬁcation reaction media,
under vigorous
stirring, acetyl chloride (2.71 g, 2.45 mL, 34.5 mmol) or acetic
anhydride (3.52 g, 3.25 mL, 34.5 mmol) was dropwise added in
ice bath (0 C). The stirring was continued for 20 min without
cooling.
After procedures, A, B or C and stop stirring, phase separation
occurs consisting the higher density phase (lower) to the catalyst
and lower density phase (upper), to the additive-blended biodiesel.3. Results and discussion
3.1. Transesteriﬁcation reaction
To test the catalytic behavior of the IL ([NMPH]CH3SO3), on the
transesteﬁcation of triglycerides with ethanol, the catalyst was
prepared according to the procedure reported by Zhang et al.
(2007, 2009) using benzene as solvent. In the ﬁrst ionic liquid-
catalyzed attempts, even under not optimized conditions, the
transesteriﬁcation was achieved but we were looking for a more
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was hypothesized if this catalyst could be prepared in situ, using
the vegetable oil as the solvent. After the required time to complete
the preparation of the IL, ethanol could be added to the resulting
mixture to accomplish the transesteriﬁcation. By this procedure,
one synthetic step could be suppressed and most importantly,
the use of benzene could be avoided. The IL was characterized by
1H and 13C NMR and the spectra are consistent with its structure.
Additionally the density and well as the viscosity was measured
and are totally in agreement with values exhibited by protonic
IL’s (q = 1.2248 g/cm3, l = 50.866 mPa s) and very distinct from
the both starting materials (NMP: q = 1.0320 g/cm3, l =
1.7671 mPa s; MSA: q = 1.4005 g/cm3, l = 16.608 mPa s).
As an exploratory experiment, we conduct a reaction that con-
sisted on the addition of an appropriate amount of NMP and MSA
to the soybean oil. After stirring for 10 min, the appropriate
amount of ethanol was introduced and the reaction mixture was
heated to the desired temperature and time. Aliquots of the reac-
tion media were collected and gas chromatography (GC) analyses
were carried out. As it was idealized, the transesteriﬁcation reac-
tion succeeded as expected (Macedo et al., 2012). Transesteriﬁca-
tion of vegetable oils by short chain alcohols are an equilibrium
reaction and by using excess of the alcohol at high temperatures,
satisfactory conversions are achieved (Knothe et al., 2006). Having
this in mind, we started the optimization reaction condition stud-
ies, screening out the optimal equivalent amount of ethanol to oil
to obtain high FAEE conversions, at 78 C (ethanol boiling point)
and 10 mol% of the IL (based on the oil amount) within 8 h of
reaction.
As can be observed, when a slight excess (1.2 eq.) of ethanol
was used, conversion superior to 70% was achieved after 8 h at
78 C. By using 2.0 eq. of ethanol, almost 80% conversion was ob-
tained. Conversions higher than 90% were obtained using 3.0 to
5.4 eq. of ethanol. In fact, by using 5.4 eq. of ethanol, higher conver-
sion than 96% was achieved. The Normative DIN EN 14103, deter-
mines a minimum of 96.5% (w/w) for FAME, as an ideal
composition for fuel applications (DIN EN 14103, 2011).
To investigate these results in details, we monitored the conver-
sion times of the reactions by using from 1.2 to 54.3 eq. of ethanol
related to the vegetable oil and the results are depicted in Fig. 1.
According to kinetic results presented in Fig. 1, high excess of
ethanol (54.3 eq. and 16.9, respectively) required higher reaction
times to achieve good conversions. Using 1.2 eq. of ethanol, the
equilibrium was achieved around 5 h with maximum conversions
standing between 70% and 80%. Until the ﬁve initial hours, veryFig. 1. Kinetic of reaction in the FAEE production.similar results were observed for the experiments in which 2.5,
4.5 and 5.4 eq. of ethanol were used, but the equilibrium for 2.5
and 4.5 eq. were achieved below to 95% FAEE conversion. On the
other hand, after approximately 7 h, the reaction carried out with
5.4 eq. of ethanol shown a conversion higher than 96.5%. After this
exploratory studies triplicate experiments were conduced at the
optimal reaction condition and the same average conversions were
observed with a minimum standard deviation (SD 0.5%).
Freedman et al. (1986) demonstrated that some acid-catalyzed
transesteriﬁcation reactions of soybean oil are pseudo-ﬁrst-order
reactions, ﬁtting the rate constants a single-decay equation, what
suggests that the reaction kinetic is dependent only on the catalyst
concentration.
Our results look to be in agreement with the Freedman’s
studies, since the catalyzed transesteriﬁcation follows an acid
mechanism and at low catalyst concentrations (higher ethanol
quantities) worse conversions were achieved. It was obtained
goods linear correlation between FAEE conversion (%) and time
(h) by plotting ln ([oilf]/[oili])  time (h) of the reactions as shown
in Table 1.
As can be observed in Fig. 2, linearity was observed for diluted
catalyst solutions (0.04–0.17 mol/L, corresponding to 54.3 and
4.5 eq. of ethanol, respectively) with the rate constant (h1).
Rapeseed, sunﬂower, corn, olive and waste cooking oils were
also employed as starting materials in this transesteriﬁcation reac-
tion and presented similar results with rate constant between 0.36
and 0.44 h1.
Using the best conditions for transesteriﬁcation reaction were
performed experiments in scale up conditions. In this reaction
was used a vase Radley

Reactor (5 L) to produce 3 liters of FAEE
with the same efﬁciency.3.2. Glycerol conversion
After completing the studies concerning the optimization of the
transesteriﬁcation reaction, we focused on the conversion of glyc-
erol byproduct into compounds 1–7 aiming to prepare additive-
blended biodiesel (see Supplementary material, Scheme 1).
To test the feasibility of the proposition, we started by looking
for the conversion of the glycerol byproduct, in the presence of
FAEE, into triacetin (1). After the transesteriﬁcation reaction and
the excess ethanol distillation, a slight excess of acetic anhydride
was added to the resulting biphasic mixture under vigorous stir-
ring at 0 C. The stirring was continued for 20 min at room temper-
ature and immediately after standing, total phase separation took
place and the lower phase (IL) was separated from the upper phase,
this last consisting of the additive-blended biodiesel. The migration
of compound 1 into the biodiesel phase was ensured by GC analy-
sis. The same product was obtained by addition of acetyl chloride
to the reaction mixture (FAEE + glycerol + IL) (see Supplementary
material, Scheme 1).
Addition of 2-propanone or 2,2-DMP to the biodiesel/glycerol/IL
mixture, resulted in compound 2 and when n-butyraldehyde was
used as reactant, an isomeric mixture of ﬁve and six member het-
erocycle rings (4 and 6, respectively) was obtained, and addition-
ally, compounds 3, 5 and 7, were easily produced by quenching
the reaction mixture described above with acetic anhydride or
acetyl chloride (see Supplementary material, Scheme 1).
In situ preparation of blends of compounds 1, 3, 5 and 7 in bio-
diesel, can also be obtained by using substoichiometric amounts of
the acetal precursor (2,2-DMP, 2-propanone or n-butyraldehyde)
followed by acetic anhydride or acetyl chloride quenching. Re-
cently we reported the preparation of these glycerol derivates un-
der microwave irradiation by action of the same IL in high yield
and selectivity (Zanin and Dos Santos, 2011).
Table 1
Rate constant (k) of some transesteriﬁcations with different amounts of ethanol (eq.).a
Amounts of ethanol (eq.)
1.2 2.0 2.5 3.0 4.5 5.4 10.9 16.3 32.6 54.3
k (h1) 0.308 0.336 0.360 0.54 0.466 0.405 0.268 0.210 0.148 0.106
R2 0.992 0.990 0.983 0.998 0.996 0.989 0.986 0.994 0.993 0.965
a Reactions were carried out within 8 h, using 5.4 eq. of ethanol and 10 mol% of the catalyst. Rate constant is the negative of the angular coefﬁcient from ln ([oilf]/[oili]) by
time (h) for ﬁrst-order reactions.
Fig. 2. Relation of ionic liquid concentration (mol L1) and rate constant k (h1), in
different ethanol amounts (eq.). Fig. 3. Catalyst recycling.
Table 2
Physical properties of B100 and B100 + glycerol derivative blends.
Entry Samplesa EN 14213 (ISO 3016) Pour point (C) ASTM D664 Acid value (mg of KOH/g)
1 B100 3 0.75
2 B100 + 5% 1 3 0.77
3 B100 + 5% 3 3 0.84
4 B100 + 5% mix 5 and 7 3 1.05
5 B100 + 5% mix 1,3,5,7 3 0.99
a B100 = pure ethyl biodiesel sample; B100 + 5% 1 = mixture of ethyl biodiesel and 5% (v/v) of compound 1; B100 + 5% 3 = mixture of ethyl biodiesel and 5% (v/v) of
compound 3; B100 + 5% mix 5, 7 = mixture of ethyl biodiesel and 5% (v/v) of a 1:1 mixture of 5 and 7; B100 + 5% mix 1, 3, 5, 7 = mixture of ethyl biodiesel and 5% (v/v) mixture
of a 1:1:0.5:0.5 of compounds 1, 3, 5 and 7.
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revealing the presence of each glycerol derivative described
above. Samples of the IL were analyzed by NMR and glycerol
was not observed, supporting the total conversion of the glycerol
into compounds 1–7 and their migration into the biodiesel
phase.
Triacetin (1) has been used in biodiesel as additive improving
the low-temperature performance and viscosity (García et al.,
2008; Melero et al., 2007; Delfort et al., 2004; Delgado Puche,
2003; Wessendorf, 1995). García et al. (2008) demonstrated that
the acetal 3 improves the viscosity of biodiesel blends without
interferes signiﬁcantly in the density as triacetin does. A blend
composed by 5% of acetals 4 and 6 in tallow beef methyl biodiesel
reduces its freezing temperature in 5 C (Silva et al., 2010). Acetals
5 and 7 has not yet been reported as additive blending agent for
fuel applications. In this way, all compounds presented in this
work, including the isomeric mixture of 5 and 7, were produced
in large scale (40 mL of each glycerol derivatives: 1–7) in order
to conduce additional performance analysis.3.3. Recyclability of the [NMPH]CH3SO3 for transesteriﬁcation of
vegetable oil
Samples of the employed IL, were submitted to new cycles of
reactions in order to verify the performance and recyclability of
the catalyst. These experiments were carried out under two condi-
tions: (1) use of the IL containing the residual glycerol byproduct
and (2) using the IL free from glycerol, which was removed by con-
verting it in triacetin (1), according previously described proce-
dures, followed by its extraction with a hexane/EtOAc mixture
(4:1) to ensure total removal of triacetine.
In both cases, to the IL was added soybean oil and ethanol under
optimized conditions to perform the new transesteriﬁcation. At the
end of each reaction, the IL was recovered for new experiments and
in Fig. 3 is presented the conversions obtained by using the recy-
cled catalyst.
First cycle was run with the in situ fresh prepared IL and the
reactions were carried out within 8 h using 5.4 eq. of ethanol and
10 mol% of the catalyst on base of triglycerides.
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cling where the black columns refer to conversion in presence of
glycerol without any puriﬁcation and the red columns refer to
the transformation carried out after glycerol removal as triacetin
(1). FAEE quantiﬁcation was conducted by GC before glycerol re-
moval of compound 1.
High conversions were achieved even using the IL contaminated
with glycerol from previous transformations but for preparative
purposes, the catalytic performance was drastically affected after
4 cycles.
Samples of the biodiesel (B100) as well as of the glycerol deriv-
ative-blended biodiesels were submitted to acid value and pour
point analysis, according to ABNT NBR methods and the results
are presented in Table 2 (Barabás and Todorut, 2011).
The acid value for B100 and B100 + 5% 1 (entries 1 and 2) pre-
sented values above the maximum limit established by the Brazil-
ian regulatory agencies (ASTM D664). However, samples of the
entries 3–5, shown high acid values, probably because of residual
acid content of the synthesized glycerol derivatives. The pour point
data are in accordance with the limits established by the European
Standard EN 14213 (ISO 3016) (Barabás and Todorut, 2011).
4. Conclusion
This work describes the development of a highly efﬁcient proce-
dure for the ethanolysis of triglycerides catalyzed by an easy, in situ
prepared ionic liquid. With this procedure, a high quality FAEE
could be obtained from the reaction of vegetable oils with ethyl
alcohol and a full atom economic process can be easily achieved
by adding to the resulting mixture, appropriate reagents, resulting
on the conversion of byproduct glycerol into fuel additive
compounds. Process presenting a good catalytic performance was
obtained until 4 cycles. Emulsion, phase separation and contami-
nation problems were completely avoided.
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